Chromatin configuration in the germinal vesicle (GV) undergoes dynamic changes during oocyte growth, yet little is known about the mechanisms regulating chromatin remodeling in mouse oocytes. The hypothesis that companion granulosa cells play a role in modulating chromatin configuration and subsequent transcriptional activity in the oocyte genome was tested. Analysis of transcriptional activity, as determined by Br-UTP incorporation, revealed a similar percentage of transcriptionally active and inactive oocytes present in the large antral follicles of mature females. However, gonadotropin stimulation of follicular development induced an increase in the proportion of transcriptionally inactive oocytes. Interestingly, a similar proportion of stage-matched, oocyte-granulosa cell complexes grown in vitro without gonadotropin stimulation displayed chromatin redistribution around the nucleolus and no transcriptional activity. In contrast, when cultured in the absence of companion granulosa cells, transcriptional activity remained unabated in the majority of denuded GV stage oocytes. Extended prophase arrest in fully grown transcriptionally inactive oocyte-granulosa cell complexes had no effect on the progression of meiosis after in vitro maturation. However, it reduced the competence to complete preimplantation embryo development. These results indicate that chromatin redistribution around the nucleolus is associated with transcriptional repression in the GV of both fully grown in vivo-derived oocytes and cultured oocyte-granulosa cell complexes. Moreover, the results presented here suggest that some aspects of intraovarian control mechanisms were abrogated during culture of oocyte-granulosa cell complexes, resulting in a higher proportion of oocytes with "mature" chromatin. Most importantly, companion granulosa cells played an active role in modulating the transcriptional activity of the oocyte genome.
INTRODUCTION
Oocyte growth and differentiation requires a complex bidirectional communication between germ cells and companion granulosa cells Simon et al., 1997) . Oocytes in primordial follicles are arrested at prophase of the first meiotic division and surrounded by a single layer of squamous granulosa cells. Upon follicular activation, growing oocytes engage in a prolonged phase of intensive RNA synthesis required for the production of transcripts essential for oocyte growth and preimplantation embryo development (Bachvarova, 1985) . As oocytes near completion of growth, final differentiation requires the synthesis and storage of molecules essential to endow the female gamete with meiotic and full developmental competence.
Follicular development in the neonatal mouse ovary ensues from a limited pool of primordial follicles. The first wave of follicle development occurs synchronously and at this stage, oocyte and follicle growth are coordinated by paracrine factors secreted from both the germ cell and the somatic cell compartments in the juvenile ovary Hirshfield, 1991) . Follicular antrum formation occurs at approximately day 14 of postnatal development. At this age, only a small proportion of oocytes is competent to resume meiosis. However, oocytes recovered from the large antral follicles of 22-day-old females have acquired full competence to complete meiotic maturation and preimplantation embryo development (Eppig and Schroeder, 1989) . The synchrony of oocyte and follicle development observed in the postnatal juvenile mouse ovary provides a useful model for the analysis of mechanisms involved in regulating follicular growth and acquisition of meiotic and developmental competence during oogenesis.
Meiotic competence is progressively acquired during mouse oocyte growth Sorensen and Wassarman, 1976; Szybek, 1972) and requires an accumulation of cell cycle regulatory molecules (Chesnel and Eppig, 1995; de Vantery et al., 1996; Mitra and Schultz, 1996) . Moreover, meiotic resumption is also associated with an increase in the nuclear concentration of both cyclin B and p34 cdc2 (Mitra and Schultz, 1996) and with further translational and posttranslational modifications of mitotic kinases (de Vantery et al., 1997; Mitra and Schultz, 1996) .
The molecular interactions associated with meiotic competence are not well defined at present; however, the accumulation of cell cycle-related kinases in diplotene stage oocytes results in the acquisition of several characteristics typical of somatic cells at the G2/M transition. For example, growing oocytes undergo dynamic changes in microtubule and chromatin configuration (Debey et al., 1993; Mattson and Albertini, 1990; Wickramasinghe et al., 1991) . The net-like distribution of microtubules observed in growing oocytes changes when multiple microtubuleorganizing centers appear in the cytoplasm of fully grown mouse oocytes upon meiotic competence acquisition (Mattson and Albertini, 1990; Wickramasinghe et al., 1991; Wickramasinghe and Albertini, 1992) . Furthermore, nuclear morphology undergoes dynamic modifications during oocyte growth and changes from a decondensed chromatin configuration typically found in the nucleoplasm of growing oocytes (nonsurrounded nucleolus, NSN) toward a progressive condensation and redistribution of chromatin around the nucleolus (surrounded nucleolus, SN; Debey et al., 1993; Mattson and Albertini, 1990; Wickramasinghe et al., 1991) . A similar chromatin configuration has been described in human (Parfenov et al., 1989) , monkey (Lefevre et al., 1989; Schramm et al., 1993) , rat (Mandl et al., 1962) , and pig (McGaughey et al., 1979) oocytes at the germinal vesicle (GV) stage.
Both decondensed (NSN) and condensed (SN) configurations are found in the GV of fully grown oocytes obtained from the large antral follicles of adult female mice (Debey et al., 1993; Zuccotti et al., 1995) . Morphological heterogeneity in the GV results in profound changes in the oocyte's metabolic properties. For example, the acquisition of an SN chromatin configuration as well as changes in the nuclear concentration of several transcription factors such as Sp1 and the TATA box-binding protein (TBP) induces the progressive repression of transcriptional activity in the GV (Bouniol-Baly et al., 1999; Worrad et al., 1994) . Timely synthesis and storage of transcripts during oocyte growth before transcriptional repression takes place at the GV stage are therefore essential components in the establishment of the maternal program for embryogenesis.
Oocyte communication with the somatic cell compartment is probably essential for both oocyte growth and acquisition of meiotic competence Simon et al., 1997) . Both cyclin B and p34 cdc2 , however, accumulate in granulosa cell-enclosed and denuded oocytes (Chesnel and Eppig, 1995) . Nevertheless, neither oocyte growth nor competence to undergo germinal vesicle breakdown (GVB) occurs at the same rate in denuded oocytes as in oocytes associated with granulosa cells. This suggests that although meiotic competence is developmentally regulated by an oocyte-intrinsic program (Canipari et al., 1984; Chesnel et al., 1994) , granulosa cells are also important regulators of final oocyte differentiation events (Chesnel and Eppig, 1995; Chesnel et al., 1994) .
Despite the impact that chromatin configuration has on transcriptional activity, little is known regarding the cellular and molecular mechanisms involved in chromatin modifications in growing oocytes and whether this process is subject to developmental or local intraovarian regulatory mechanisms. The objectives of the present study were to determine the relative rates of transcriptional activity as well as the dynamics of chromatin configuration in the GV during oocyte growth in vitro and to establish whether companion granulosa cells play a role in regulating global transcriptional activity in the mouse oocyte genome.
MATERIALS AND METHODS

In Vivo-Grown Oocytes
In vivo-grown oocyte-cumulus cell complexes were obtained from 22-day-old (C57BL/6J ϫ SJL/J)F1 mice. Gonadotropin priming was performed by intraperitoneal injection of 5 IU equine chorionic gonadotropin (Gestyl; Diosynth, B.V. Oss, Holland) of 20-day-old females. Primed (PR) and unprimed (UPR) females were killed 48 h later by cervical dislocation. Ovaries were collected in 2.5 ml Waymouth medium (MB752/1; GIBCO, Life Technologies, Grand Island, NY) supplemented as described (Eppig et al., 2000) and with 100 M 3-isobutyl-1-methylxanthine (Aldrich Chemical Co., Milwaukee, WI) at 37°C. Oocyte-cumulus complexes from PR females as well as 18-to 22-day-old UPR females were obtained by puncturing large antral follicles with sterile needles. Cumulus cells were removed by continuous pipetting and denuded oocytes washed three times with fresh Waymouth medium before processing for analysis of transcriptional activity. Oocytes from 12-to 16-day-old females were obtained by ovarian collagenase digestion as described (Eppig, 1992; Eppig and O'Brien, 1996) , followed by culture in Ca 2ϩ , Mg 2ϩ -free PBS to remove oocyte-associated granulosa cells. Denuded oocytes were rinsed twice in fresh PBS supplemented with 1 mg/ml BSA (crystallized; ICN Biochemicals, Aurora, OH) before processing to assess transcriptional activity.
Culture of Granulosa Cell-Free Oocytes
To determine whether companion granulosa cells affect the rates of transcription and/or chromatin configuration in growing oocytes, meiotically incompetent oocytes from 16-day-old females were obtained as described above. Denuded oocytes were cultured for a period of 6 days at 37°C under a humidified atmosphere of 5% O 2 , 5% CO 2 , and 90% N 2 in modular incubation chambers (BillupsRothenberg, Del Mar, CA; Chesnel et al., 1994) . Briefly, oocytes were rinsed twice in TCM-199 medium (GIBCO, Life Technolo-gies) supplemented with 0.23 mM pyruvic acid, 31.3 mM sodium lactate, 0.05 mM ethylenediaminetetraacetic acid, 75 mg/L penicillin G, 50 mg/L streptomycin sulfate (Sigma Chemical Co., St. Louis, MO), 3 mg/ml BSA (ICN Biochemicals). Groups of 75-100 oocytes were cultured in 50-l drops of the same medium under paraffin oil. Approximately 30 -35 oocytes were sampled at intervals during the culture period and processed to assess transcriptional activity.
In Vitro-Grown (IVG) Oocytes
Oocyte-granulosa cell complexes from preantral follicles were isolated after collagenase digestion of ovaries obtained from 12-dayold mice and cultured as previously described (Eppig et al., 2000) . Briefly, oocyte-granulosa cell complexes were washed three times in collagenase-free Waymouth medium supplemented as described above and with 5 g/ml transferrin, 5 ng/ml selenium, and 5 g/ml insulin (ITS; Collaborative Research, Inc., Bedford, MA). Approximately 150 -200 oocyte-granulosa cell complexes were cultured per well in an eight-well dish on collagen-coated membranes (Biocoat Collagen I Inserts; Becton-Dickinson, Bedford, MA) in 2 ml of medium. Cultures were maintained at 37°C under a humidified atmosphere of 5% O 2 , 5% CO 2 , and 90% N 2 in modular incubation chambers. After various culture periods, oocytegranulosa cell complexes were detached from the collagen membranes and collected in Waymouth medium. The ITS mixture was omitted from the collection medium. Complexes were vigorously pipetted and denuded oocytes washed three times in 2.5 ml of fresh PBS supplemented with 1 mg/ml BSA. Groups of 150 -200 oocytegranulosa cell complexes were subsequently processed for the analysis of transcriptional activity.
Analysis of Transcriptional Activity
The transcriptional activity of in vivo-derived and in vitro-grown oocytes at the GV stage was determined after 5-bromouridine 5Ј-triphosphate (Br-UTP; Sigma Chemical Co.) incorporation into plasma membrane-permeabilized oocytes essentially as described (Aoki et al., 1997) with minor modifications. Briefly, oocytes obtained from PR and UPR females as well as IVG oocytes at an equivalent developmental stage were maintained in Waymouth medium supplemented as described above for a period of no more than 10 min before processing for transcriptional activity. Denuded oocytes were rinsed twice in PBS supplemented with 1 mg/ml BSA and then transferred to physiological buffer (PB) containing 100 mM potassium acetate (Fisher Scientific Co.), 30 mM KCl, 1 mM MgCl 2 , 10 mM Na 2 HPO 4 , 1 mM ATP, 1 mM dithiothreitol, 0.2 mM phenylmethylsulfonyl fluoride (Sigma Chemical Co.), and 50 U/ml RNasin (Boehringer Mannheim GmbH, Germany). Permeabilization of the oocyte's plasma membrane was carried out for 1-2 min in PB supplemented with 0.03% Triton X (Fisher Scientific) at room temperature followed by three washes in PB alone. Oocytes were transferred to transcription buffer (100 mM potassium acetate, 30 mM KCl, 1 mM MgCl 2 , 10 mM Na 2 HPO 4 , 2 mM ATP, and 0.4 mM each GTP, CTP, and 5Ј-Br-UTP (Sigma Chemical Co.) for 20 min at 37°C. Following Br-UTP incorporation, oocytes were rinsed three times in PB before overnight fixation in 4% paraformaldehyde in PB. Permeabilization of the nuclear membrane was performed on fixed oocytes in PB containing 0.2% Triton X for 1 min. Immunochemical detection of Br-UTP incorporation was performed by exposing oocytes to 2 g/ml anti-bromodeoxyuridine (Boehringer Mannheim) for 45 min at room temperature followed by two washes in PB and further incubation with 2.5 g/ml Cy3-conjugated anti-mouse secondary antibody (Jackson Immunoresearch) for 45 min at room temperature. Labeled oocytes were rinsed twice in PBS with 1 mg/ml BSA and mounted in a combination of antifading medium (Vecta Shield; Vector Laboratories, Inc., Burlingame, CA) and Hoechst 33258 (10 g/ml; Boehringer Mannheim) in glycerol. Both chromatin configuration after Hoechst DNA staining and transcriptional activity in the GV after Br-UTP incorporation were simultaneously analyzed for each oocyte throughout this study. Epifluorescence analysis was conducted using an ultraviolet light (340 -380 nm excitation) and a rhodamine (515-560 nm) filter on a DMRX/E microscope (Leica Microsystems, Exton, PA). The analysis and quantification of transcriptional activity were performed by laser scanning confocal microscopy essentially as described (Aoki et al., 1997; Worrad et al., 1994 ) on a Leica TCS-NT confocal microscope equipped with an air-cooled argon ion laser (568 nm excitation) system (Leica Microsystems). The rates of transcriptional activity in the oocyte genome after growth and development in vitro were quantified using the Image Tool 2.0 Image analysis system (University of Texas, Health Sciences Center, San Antonio, TX). Ten oocytes were evaluated for each developmental stage in each experimental replicate. It is important to emphasize that all developmental stages evaluated within each experiment were processed for immunochemistry on the same day and under exactly the same conditions. All confocal images were captured using a 20ϫ objective with identical zoom and filter specifications. An image composed of an integrated average of four area scans was captured for each oocyte at the widest section of the nucleus. The average nuclear fluorescence was calculated by measuring the pixel value/unit area of 10 different regions in the nucleus and after subtracting the values obtained from measuring 10 different regions in the cytoplasm (background fluorescence). In order to compensate for the increase in nuclear volume during oocyte growth, a constant area was measured in both nuclear and cytoplasmic compartments throughout the experiment.
In Vitro Fertilization and Embryo Culture
IVG oocyte-granulosa cell complexes cultured for a period of 10 -16 days were detached from the collagen membrane and washed three times in Waymouth medium (ITS mixture was omitted). Oocyte-granulosa cell complexes were allowed to undergo meiotic maturation in Waymouth medium supplemented with 1 mg/ml fetuin and 10 ng/ml epidermal growth factor (Collaborative Research) for 17-18 h. Metaphase II oocytes were stripped of surrounding granulosa cells and washed three times in minimum essential medium (MEM; GIBCO, Life Technologies) supplemented with 3 mg/ml BSA. In vitro fertilization and culture were performed as previously described (De La Fuente et al., 1999; Ho et al., 1995) . Eggs were removed from fertilization drops after 4 -6 h, rinsed twice in 2.5 ml MEM, and cultured overnight in 500-l droplets of fresh medium under washed paraffin oil in modular incubation chambers. At 30 h postfertilization, cleavage stage embryos were rinsed twice with KSOM supplemented with essential and nonessential amino acids (KSOM/AA) and cultured to the blastocyst stage at 37°C in 1 ml KSOM/AA in borosilicate tubes. Blastocyst stage embryos obtained on day 5 postfertilization were fixed for cell number determination as described by De La Fuente et al. (1999) .
Statistical Analysis
Data are presented as the mean percentages of at least three independent experiments; variation among replicates is presented as the standard error of the mean. Chromatin configuration and transcriptional activity in the oocyte genome were analyzed by unpaired comparisons using t tests (StatView; SAS Institute, Inc., Cary, NC). Differences were considered significant when P Ͻ 0.05. The percentages of oocytes undergoing meiotic maturation as well as the proportion of two-cell and blastocyst stage embryos obtained after prolonged culture of oocyte-granulosa cell complexes were analyzed using arcsine transformed data and compared by analysis of variance (ANOVA) using StatView. When a significant F ratio was defined by ANOVA, groups were compared using the Fisher's PLSD post hoc test using StatView software; when P Յ 0.05, the difference was considered significant. The mean number of nuclei at the blastocyst stage on day 5 postfertilization is presented and groups are compared using notched box-and-whisker plots (StatView). Nonoverlapping notches between box plots indicate significant differences (P Ͻ 0.05; Kafadar, 1985) .
RESULTS
Gonadotropin Stimulation Increases the Number of Oocytes with Surrounded Nucleolus in "Compact" Oocyte-Cumulus Complexes
This experiment was conducted to determine whether the type of chromatin configuration in the germinal vesicle is associated with the morphology of the oocyte-cumulus complex and the presence of the cumulus cell phenotype in oocyte-associated granulosa cells. Oocyte-cumulus complexes recovered from PR and UPR females were grouped according to the following morphological criteria. Oocytecumulus complexes comprising three to five layers of tightly attached granulosa cells showing the typical cumulus cell phenotype were classified as "compact." Oocytes with a single layer of loosely attached granulosa cells were classified as "noncompact." Chromatin configuration was also determined in denuded oocytes recovered with no attached granulosa cells upon follicle puncture. The relative numbers of oocyte-granulosa cell complexes with different morphology vary between PR and UPR females. For example, compact oocyte-cumulus complexes predominate in PR females, whereas noncompact oocytegranulosa cell complexes predominate in UPR females. However, for the sake of comparison, similar numbers of oocytes were analyzed for each group on each experimental replicate. The oocyte-cumulus complexes obtained from three females in each experimental replicate were pooled and surrounding granulosa cells removed by vigorous pipetting. Chromatin configuration in the germinal vesicle was examined after Hoechst DNA staining in three independent experiments. The proportions of oocytes with SN and NSN obtained from the ovaries of PR (n ϭ 9) and UPR (n ϭ 9) females are presented in Table 1 .
Gonadotropin stimulation of follicular development increased (P Ͻ 0.05) the proportion (79.8%) of oocytes with SN only in oocytes derived from compact cumulus complexes (n ϭ 149). Oocytes with loosely attached granulosa cells (noncompact; n ϭ 141) had a similar proportion of SNand NSN-type chromatin configuration. Furthermore, no differences were found in the proportions of oocytes with SN and NSN in denuded oocytes (n ϭ 137) obtained from PR females. Although compact oocyte-cumulus complexes presenting the typical cumulus phenotype in oocyteassociated granulosa cells (n ϭ 160) can be readily obtained from the ovaries of UPR females, an equal number of oocytes with SN and NSN configurations were observed in this group. In contrast, a higher proportion of oocytes with NSN-(63.5 Ϯ 5.3) than with SN-(36.5 Ϯ 5.3) type configurations was found in noncompact (n ϭ 218; P ϭ 0.023) oocyte-cumulus cell complexes or in denuded oocytes (61 Ϯ 4.8, NSN, and 39.4 Ϯ 4.8, SN) obtained from UPR females (n ϭ 178; P ϭ 0.034).
Transcriptional Activity in GV Stage Oocytes after Growth and Development in Vivo or in Vitro
Transcriptional activity and chromatin configuration in the GV were simultaneously analyzed in fully grown, compact in vivo-derived oocytes obtained from 22-day-old PR and UPR females and in oocyte-granulosa cell complexes grown in vitro to an equivalent chronological stage. In accordance with previous observations (Bouniol-Baly et al., 1999) , transcriptional activity as determined by the Note. Groups that do not share at least one superscript indicate significant differences (P Ͻ 0.05). PR, primed females; UPR, unprimed females; GV, germinal vesicle; SN, surrounded nucleolus; NSN, nonsurrounded nucleolus.
rates of Br-UTP incorporation was detected in only oocytes with decondensed chromatin (NSN) in the GV. Chromatin condensation and redistribution around the nucleolus (SN) were found to be associated with transcriptional repression in both in vivo-derived and cultured oocyte-granulosa cell complexes. The transcriptional activity in fully grown GV stage oocytes obtained from PR (n ϭ 248) and UPR (n ϭ 178) females as well as in vitro-grown oocyte-granulosa cell complexes (n ϭ 135) was evaluated in three independent experimental replicates and is summarized in Fig. 1 . Similar proportions of transcriptionally active (47.9%) and transcriptionally inactive (52.1%) oocytes were recovered from the ovaries of mature UPR females. However, gonadotropin stimulation of follicular development significantly increased (P Ͻ 0.05) the proportion of transcriptionally inactive oocytes (86.4%) recovered from PR females. Interestingly, the proportion of transcriptionally inactive oocytes (83.3%) observed after culture of oocyte-granulosa cell complexes (IVG, Fig. 1 ) to an equivalent chronological age (without gonadotropin stimulation) was similar to that observed in PR females and was also reflected by a high proportion of oocytes with an SN-type chromatin configuration.
Next, the transcriptional activity of cultured oocytegranulosa cell complexes was analyzed at different stages of oocyte growth in vitro and compared with the activity of oocytes at equivalent chronological age in vivo. Approximately 150 -250 in vivo-derived oocytes and 250 -350 in vitro-grown oocytes were evaluated per data point at different stages of growth up to day 22 of development in three independent experimental replicates. The proportions of transcriptionally active oocytes during growth and development in vivo and in vitro are illustrated in Fig. 2 . As expected, a high proportion (87%) of growing oocytes on day 12 of development was found to be transcriptionally active. Moreover, a similar percentage of oocytes remained transcriptionally active up to day 18 of development in vivo (95-74%) or in vitro (94 -63%). However, the proportion of transcriptionally active oocytes progressively decreased during subsequent stages of oocyte growth. No differences were found in the proportions of transcriptionally active oocytes observed on days 20 (47.5%) and 22 (41%) of development in vivo. However, the proportion of transcriptionally active oocytes decreased significantly (P Ͻ 0.05; 32.5 and 11.86%) after culture of oocyte-granulosa cell complexes to an equivalent developmental stage on days 20 and 22 (days 8 and 10 of culture, respectively).
Changes in the Rates of Transcriptional Activity during Growth of Oocyte-Granulosa Cell Complexes
Laser scanning confocal microscopy after Br-UTP incorporation revealed a uniform distribution of transcriptional activity in the nucleoplasm of meiotically incompetent oocytes on day 0 of culture (day 12 of development in vivo;
FIG. 2.
Comparison of transcriptional activity in the GV during oocyte growth and development in vivo and in oocyte-granulosa cell complexes cultured to an equivalent chronological stage. Data are presented as the mean percentages of oocytes with transcriptional activity after Br-UTP incorporation in three independent experimental replicates. Variation between experiments is indicated as the standard error of the mean. Different superscripts indicate significant differences (P Ͻ 0.05).
FIG. 1.
Comparison of transcriptional activity in GV stage oocytes after growth and development in vivo or in vitro. Bromouridine triphosphate incorporation was evaluated in plasma membrane-permeabilized fully grown GV stage oocytes obtained from 22-day-old gonadotropin-stimulated (primed) and unprimed females as well as in vitro-grown (IVG) oocyte-granulosa cell complexes at an equivalent chronological stage. Data are presented as the mean (ϮSEM) percentages of GV stage oocytes from three independent experiments. Different superscripts indicate significant differences (P Ͻ 0.05). Fig. 3A) . However, Br-UTP incorporation was found in one or two clusters of intense fluorescence in the GV on day 2 of culture (equivalent to day 14 of development in vivo; Fig.  3B ). By day 4 of culture (equivalent to day 16 of development in vivo), incorporation was found in the perinucleolar region of oocytes cultured as oocyte-granulosa cell complexes (Fig. 3C) . Moreover, a clear distinction of two nuclear domains, the nucleoplasm and the perinucleolar region, was evident in the oocyte genome from day 6 to day 10 of development in vitro (Figs. 3D-3F ). Rates of transcriptional activity observed in different nuclear domains during growth of oocyte-granulosa cell complexes in vitro after three independent experiments are illustrated in Fig. 4 . The mean nuclear transcriptional activity in the oocyte genome on day 0 of development in vitro (53.1 Ϯ 3.1) had increased (P Ͻ 0.05) on day 2 (75.1 Ϯ 5.7) and day 4 (85.14 Ϯ 6.3) of development in vitro. Quantitative analysis of Br-UTP incorporation in different nuclear domains confirmed that such differences were due to a preferential increase in the average fluorescence values found in the perinucleolar region. No differences were found in the levels of transcriptional activity observed in the nucleoplasm of oocytes cultured as oocyte-granulosa cell complexes on days 0 (55.3 Ϯ 3), 2 (60.9 Ϯ 4.8), and 4 (61.5 Ϯ 6.1) of development in vitro. In sharp contrast, the transcriptional activity in the perinucleolar region increased (from 88.4 Ϯ 7.6 to 107 Ϯ 7.3; P Ͻ 0.05) during this same period of development in vitro. The mean transcriptional activity further increased on day 6 of development in vitro (132.1 Ϯ 5.87) and changes were observed in both the nucleoplasm (105 Ϯ 5.34; P Ͻ 0.05)
FIG. 3.
Subnuclear localization of transcription foci in the oocyte genome during growth and development of oocyte-granulosa cell complexes in vitro. Laser scanning confocal microscopy after Br-UTP incorporation under conditions facilitating transcription of both RNA polymerases I and II revealed a uniform distribution of transcription sites in the nucleoplasm (N) of meiotically incompetent oocytes obtained from preantral follicles on day 12 of development (day 0 of culture; A). Note the absence of a well-defined nucleolus (*). Focal sites of transcription progressively redistribute around an enlarging nucleolus (arrow) on day 2 of culture (equivalent to day 14 of development; B). High levels of Br-UTP incorporation clearly delineate the perinucleolar domain (arrowhead) in the GV of growing oocytes on day 4 of culture (equivalent to day 16 of development; C). Transcriptional activity in the nucleus of growing oocytes on days 6 (D), 8 (E), and 10 (F) of development in vitro clearly delineates both the nucleoplasm and the perinucleolar (arrowhead) domains. and the perinucleolar domain (160.8 Ϯ 6.85; P Ͻ 0.05). Although the proportion of transcriptionally active oocytes is considerably reduced after culture of oocyte-granulosa cell complexes for 8 and 10 days, as shown in Fig. 2 , the rates of transcriptional activity, shown in Fig. 4 , were determined only in those oocytes that retained a NSN-type configuration. The mean transcriptional activity subsequently decreased (P Ͻ 0.05) on days 8 (111.2 Ϯ 7.2) and 10 (74.1 Ϯ 8.4) of development in vitro, and such changes were reflected in both nucleoplasm (91.1 Ϯ 7.2 and 61.7 Ϯ 7.2, respectively) and perinucleolar region (132.2 Ϯ 8.0 and 87.9 Ϯ 10, respectively).
Companion Granulosa Cells Modulate Transcription and Chromatin Configuration in the Oocyte Genome
To test the hypothesis that oocyte-associated granulosa cells play a role in the control of transcriptional repression, chromatin configuration as well as transcriptional activity in the oocyte genome was compared during culture of both granulosa cell-enclosed and denuded oocytes. Oocytegranulosa cell complexes obtained from preantral follicles of 12-day-old females were cultured on collagen membranes for a period of 4 days as described above. As indicated in our previous experiment, the majority of oocytes cultured as oocyte-granulosa cell complexes for 4 days are transcriptionally active (Fig. 2) . At this stage of development a subset of oocyte-granulosa cell complexes was detached from the collagen membrane, and surrounding granulosa cells were removed by repeated pipetting. The transcription of the oocyte genome was compared after culture of oocytes in the presence or absence of granulosa cells for 2 and 4 additional days of culture (Fig. 5A) . A small proportion of oocytes underwent GVB or cytoplasmic fragmentation during culture in the absence of granulosa cells. However, Ͼ90% of denuded oocytes remained at the GV stage during the additional 4-day culture period. The progression of transcriptional activity during oocyte growth in vitro in granulosa cell-enclosed (n ϭ 270) and denuded (n ϭ 356) IVG oocytes was determined in three independent experiments with 35-50 oocytes per data point in each experimental replicate and is illustrated in Fig. 5 . Consistent with our previous results shown in Fig. 2 , the majority of IVG 
FIG. 4.
Quantitative analysis of transcriptional activity during growth of oocyte-granulosa cell complexes in vitro. Oocytegranulosa cell complexes obtained from 12-day-old mice were cultured for 10 days. Transcriptional activity in the GV was determined after Br-UTP incorporation at different stages of oocyte growth. Values are expressed as the mean (ϮSEM) pixel value/unit area in different nuclear domains from three independent experiments. Mean nuclear activity (s). Nucleoplasm (F). Perinucleolar region (OE). Different superscripts indicate significant differences (P Ͻ 0.05).
oocytes (87.7%) remained transcriptionally active on day 4 of the initial culture period in association with granulosa cells (Fig. 5B) . Also similar to the previous experiment shown in Fig. 2 , the proportion of transcriptionally active oocytes decreased significantly on days 6 (59.7%) and 8 (36.7%; P Ͻ 0.05) when cultured in association with companion granulosa cells (Fig. 5B) . In contrast, when oocytes were denuded of granulosa cells on day 4, transcription continued unabated on days 6 and 8 as 83-87% of oocytes that remained at the GV stage were found to retain a transcriptionally active genome (Fig. 5B) .
In denuded oocytes at the GV stage, the chromatin remained in a decondensed state and no SN type oocytes were observed. Moreover, culture in the absence of companion granulosa cells had a striking effect on the spatial arrangement of transcription sites observed in the oocyte genome. In contrast with granulosa cell-enclosed oocytes, in which Br-UTP incorporation clearly delineates different nuclear domains from 16 days onward, transcription sites were found to be uniformly redistributed in the majority of oocytes after culture in the absence of surrounding granulosa cells (Fig. 6) . The perinucleolar labeling observed in granulosa cell-enclosed oocytes of 16-day-old mice ( Fig. 6A ) was found to reorganize in cultured denuded oocytes into a uniform labeling pattern throughout the nucleoplasm, having a very small or no nucleolus-like body (Fig. 6B) . Uniform nucleoplasmic staining was also observed on days 4 (Fig.  6C ) and 6 (Fig. 6D ) of culture.
Effect of Extended Prophase Arrest on the Nuclear and Cytoplasmic Maturation of in Vitro-Grown Oocyte-Granulosa Cell Complexes
Preovulatory oocytes rely on accumulated mRNA stores to undergo meiotic maturation and the first cleavage division from the moment transcriptional repression occurs until activation of the embryonic genome at the two-cell stage. Prolonging the interval between transcriptional inactivation and initiation of meiotic maturation may have a detrimental effect on meiotic and developmental competence. To test this idea, the nuclear and cytoplasmic maturation of oocyte-granulosa cell complexes cultured for 10 (n ϭ 1103), 14 (n ϭ 490), and 16 (n ϭ 326) days was evaluated after three independent experiments and is illustrated in Fig. 7 . The complexes cultured for 14 and 16 days have a prolonged period of transcriptional inactivity. A high proportion of oocytes underwent GVB (84 -91.5%) in all groups evaluated and no significant differences were found in the proportions of oocytes that reached the metaphase I (21-22%) or metaphase II stage (61-69%) after 17-18 h of meiotic maturation. Extended culture of oocyte-granulosa cell complexes to days 14 and 16, however, decreased the proportion of metaphase II oocytes that cleaved to the two-cell stage after in vitro fertilization to 33.6 and 34.7%, respectively (Fig. 7, bottom) , compared with control oocytes (52.4%; P Ͻ 0.05) cultured for 10 days. Furthermore, extending the culture of oocyte-granulosa cell complexes to 14 and 16 days reduced (P Ͻ 0.05) the proportions of metaphase II oocytes that reached the blastocyst stage on day 5 after fertilization to 19.1 and 10.8%, respectively, compared with control oocytes (37.5%). Comparison of the number of nuclei per blastocyst on day 5 after fertilization (Fig. 8 ) demonstrated no significant differences after culture for 10 (95.3 Ϯ 5.5) or 14 days (84.5 Ϯ 7.5). However, extended culture for 16 days reduced the average cell number at the blastocyst stage (66.9 Ϯ 6.2; P Ͻ 0.05).
DISCUSSION
Transcriptional activity of the oocyte genome involves the timely synthesis and expression of factors essential for oocyte growth and differentiation as well as the synthesis and storage of transcripts required for meiotic maturation and the first cleavage divisions. Despite the known impact of chromatin configuration on global transcriptional activity in the oocyte genome, little is known about the cellular and molecular mechanisms involved in the regulation of chromatin modification during oocyte growth. We report here that, similar to the regulation of transcriptional activity during oocyte growth in vivo, a progressive repression of transcriptional activity in the GV occurs during development of oocyte-granulosa cell complexes in vitro. Surprisingly, the proportion of transcriptionally inactive IVG oocytes more closely resembled that of in vivo-grown oocytes from gonadotropin-primed mice than that of oocytes of unprimed females at an equivalent developmental stage. Comparison of transcriptional activity in cultured granulosa cell-enclosed and denuded oocytes demonstrated that communication with companion granulosa cells is required for the progressive repression of transcriptional activity in fully grown oocytes. Moreover, oocyte-associated granulosa cells play an active role in modulating the levels of transcription in both the nucleoplasm and the perinucleolar domains as well as chromatin configuration at the GV of growing oocytes.
Chromatin Configuration and Transcriptional Activity in the GV during Oocyte Growth and Development in Vivo and in Vitro
Analysis of chromatin configuration and transcriptional activity as determined by simultaneous Hoechst DNA staining and immunocytochemical detection of Br-UTP incorporation in fully grown oocytes revealed that gonadotropin stimulation of follicular development is associated with transcriptional repression and a corresponding increase in the proportion of oocytes with an SN-type chromatin configuration. Chromatin redistribution around the nucleolus (SN) has been previously associated with transcriptional repression in human and mouse oocytes derived from antral follicles (Parfenov et al., 1989; Bouniol-Baly et al., 1999) . Moreover, treatment of mature females with gonadotropins has been found to increase the proportion of oocytes with the SN configuration (Bouniol-Baly et al., 1999; Zuccotti et al., 1995) . However, it was not clear whether gonadotropin stimulation exerts a similar effect in oocytes derived from different types of oocyte-cumulus complexes. In the present study, gonadotropin stimulation increased the proportion of oocytes with SN only in oocytes derived from compact cumulus complexes. Oocytes with loosely attached granulosa cells and denuded oocytes retained a similar proportion of SN and NSN configurations. These results may explain previous studies suggesting that the ratio of fully grown oocytes with SN/NSN does not depend on hormonal stimulation, as only oocytes with loosely attached or no granulosa cells were analyzed in gonadotropin-stimulated mature females by Debey et al. (1993) .
Our results suggest that a tight association with companion cumulus cells may be required to promote or allow the transition from NSN to SN configuration after gonadotropin stimulation. A similar proportion of oocytes with either the SN or the NSN configuration was observed in compact oocyte-cumulus complexes obtained from UPR females. Thus, the presence of compact cumulus cells appears a necessary, but not sufficient, condition to promote changes in chromatin configuration. The high proportion of oocytes with NSN-type chromatin found in oocyte-cumulus complexes with loosely attached or no cumulus cells obtained from UPR females suggests that a large pool of fully grown oocytes is maintained transcriptionally active before hormonal stimulation and completion of follicular development. Analysis of transcriptional activity during oocyte growth in vivo and in vitro indicates that a similar proportion of oocytes remain transcriptionally active up to day 18 of development (complexes cultured for 4 days). However, a higher proportion of transcriptionally inactive oocytes was found after culture of oocyte-granulosa cell complexes to the equivalent of days 18, 20, and 22 of development (complexes cultured for 6, 8, and 10 days, respectively). Previous studies indicate that the acquisition of an SN-type configuration may correspond to an advanced stage of oocyte differentiation. For example, the transition from the NSN to the SN configuration seems to occur as oocytes reach the preovulatory stage (Bouniol-Baly et al., 1999; Mattson and Albertini, 1990; Wickramasinghe et al., 1991) . Moreover, the presence of an SN configuration at the GV has also been associated with a higher meiotic and developmental competence in fully grown oocytes (Debey et al., 1993; Wickramasinghe et al., 1991; Zuccotti et al., 1998) .
The local intraovarian mechanisms involved in regulating transcriptional repression in fully grown oocytes are not clear. However, culture of oocyte-granulosa cell complexes during oocyte growth results in a high proportion (83.3%) of transcriptionally inactive oocytes similar to that observed in oocytes derived from compact oocyte-cumulus complexes obtained from gonadotropin-primed females (86.4%) at an equivalent developmental stage. Moreover, oocytes grown in vitro in the absence of gonadotropins behaved more similarly to oocytes from gonadotropin-primed females than those from unprimed females with regard to their response to substances that promote meiotic maturation and the frequency of blastocyst formation (De La Fuente et al., 1999) . This suggests that the intraovarian mechanisms regulating the maintenance of a large pool of transcriptionally active oocytes may be abrogated during culture of oocyte-granulosa cell complexes, resulting in a higher proportion of oocytes with "mature" chromatin. This hypothesis is supported by previous evidence indicating that the number of blastocysts produced per ovary can be increased almost fourfold after IVG than development in vivo when calculated on a per animal basis (Eppig and O'Brien, 1998) . Other studies have suggested that intraovarian factors may regulate the pattern of activation of primordial follicles in vivo. Culture of fragments of isolated ovarian cortex resulted in a higher rate of primordial follicle activation in both primate and bovine ovarian explants (Fortune et al., 1999; Wandji et al., 1996 Wandji et al., , 1997 . The somatic component(s) associated with such intraovarian regulatory processes is not known. However, these in vitro studies imply the existence of suppressive or selective intraovarian regulatory processes functional in intact ovaries in vivo. These regulatory processes are apparently abrogated by isolation and culture of ovarian fragments or follicular components or by administration of high doses of exogenous gonadotropins.
Modulation of Transcription and Chromatin Remodeling in the GV by Companion Granulosa Cells
Previous analyses of transcriptional activity during oocyte growth in vivo indicate that transcription at the GV increases upon primordial follicle activation and reaches a maximum level in the nucleoplasm of oocytes at the trilaminar follicle stage (Bachvarova, 1985) . In the present study, quantitative analysis of transcriptional activity revealed that transcription in cultured oocyte-granulosa cell complexes increased almost twofold in both the nucleoplasm and the perinucleolar region on day 16 of development and subsequently decreased in fully grown oocytes to levels comparable to those observed on day 14 of development. Laser scanning confocal microscopy after Br-UTP incorporation under conditions that allow detection of both RNA polymerase I-(RNA Pol I) and RNA polymerase II-dependent transcription (Masson et al., 1996) revealed dynamic changes in the spatial distribution of transcription foci in the oocyte genome during growth and development in vitro. Transcription foci progressively redistributed around a growing nucleolus on day 14 of development and resulted in a clear delineation of high transcriptional activity in the perinucleolar region of oocytes from day 16 of development onward. These results demonstrate that, similar to the situation observed during oocyte growth in vivo, culture of oocyte-granulosa cell complexes sustains an increase in the levels of transcriptional activity during oocyte growth and development in vitro. Moreover, the RNA Pol I-dependent transcriptional machinery, have been previously localized to the perinucleolar region in mouse oocytes (Borsuk et al., 1996; Bouniol-Baly et al., 1999) .
Culture of oocytes in the presence or absence of companion granulosa cells from day 16 of development onward confirmed that a high proportion of oocytes undergoes transcriptional repression when cultured in the presence of companion granulosa cells. However, our results demonstrate that transcriptional activity at the GV of denuded oocytes remained unabated after a 4-day culture period, a time at which Ͼ65% of granulosa cell-enclosed IVG oocytes show no transcriptional activity and present an SN chromatin configuration at the GV. These results indicate that transcriptional repression of IVG oocytes is mediated by signals provided by companion granulosa cells during oocyte growth and did not result from the inability of oocyte-associated granulosa cells (OAGCs) to maintain transcriptional activity during oocyte growth in vitro. The mechanisms whereby OAGCs induce transcriptional repression of the oocyte genome are not known. However, granulosa cells have been previously shown to regulate posttranslational modifications of several proteins in murine (Cecconi et al., 1991; Colonna et al., 1989) and bovine (Motlik et al., 1996) oocytes. Clearly, the presence of companion granulosa cells was required for the progressive repression of transcriptional activity in fully grown oocytes. Studies are in progress to determine whether soluble factors present in granulosa cell conditioned medium or direct oocyte-granulosa cell communication through gap junctions is required for transcriptional repression during oocyte growth.
Culture of denuded oocytes also had a striking effect on the nuclear distribution of transcription foci previously observed in granulosa cell-enclosed IVG oocytes. In agreement with our previous experiments, there were notable differences in the rates of Br-UTP incorporation in the nucleoplasm and perinucleolar region in the GV of granulosa cell-enclosed growing oocytes. However, transcription foci were found to redistribute in a homogeneous labeling pattern in the nucleoplasm of denuded oocytes after 48 h of culture. Furthermore, the small nucleoli developed after culture of denuded oocytes could be distinguished only at a high magnification under light microscopy. Transcription and RNA splicing factors have been previously shown to undergo dynamic changes in their nuclear localization according to the levels of transcriptional activity in somatic 
FIG. 8.
Total numbers of blastomere nuclei per blastocyst on day 5 after in vitro fertilization of in vitro-grown oocyte-granulosa cell complexes. Data are presented from three independent experiments. The percentile distribution of the data is presented using notched boxes and whisker plots. Nonoverlapping notches between groups indicate significant differences (P Ͻ 0.05).
cells (Zeng et al., 1997) . Moreover, the nuclear localization of several factors involved in RNA synthesis and processing (Borsuk et al., 1996) , as well as the subcellular localization and nuclear concentration of several transcription factors such as Sp1 and the TBP (Worrad et al., 1994) , is subject to developmental regulation during oocyte growth, resulting in a progressive repression of transcriptional activity at the GV (Parfenov et al., 1998; Bouniol-Baly et al., 1999; and our study) . Our results on the analysis of chromatin configuration and transcriptional activity on denuded oocytes suggest that companion granulosa cells may have a role in modulating some aspects of chromatin modification and global transcriptional activity during oocyte growth and development and in regulating the onset of transcriptional repression in fully grown oocytes.
Extended Prophase Arrest after Transcriptional Repression Decreases the Embryonic Developmental Competence of in Vitro-Grown Oocyte-Granulosa Cell Complexes
Extended prophase arrest in fully grown transcriptionally inactive oocytes had no effect on the progression of meiosis after in vitro maturation compared with control oocytegranulosa cell complexes. Maintenance of transcriptionally inactive oocyte-granulosa cell complexes at the dictyate stage, however, reduced the cleavage rates and the frequency of blastocyst formation of metaphase II oocytes on days 14 and 16 of culture as well as the number of cells per blastocyst on day 16 of development. This suggests that prolonged prophase arrest of transcriptionally inactive oocytes does not affect competence to undergo nuclear maturation of oocyte-granulosa cell complexes. In contrast, prolonged transcriptional inactivity by oocytes was highly deleterious to competence to undergo cytoplasmic maturation. Previous analyses of RNA synthesis and metabolism in mouse oocytes have demonstrated that commencing with GVB, maternal mRNA stores undergo a cycle of sequence-specific polyadenylation and translation that results in degradation of Ͼ60% of maternal mRNA by the time of zygotic genome activation at the two-cell stage (Bachvarova, 1992) . It is thus possible that the stability of maternal mRNA stores required for continuous cleavage and preimplantation development may be affected after prolonged prophase arrest in transcriptionally quiescent fully grown oocytes at the GV stage. Our results indicate that although maternal RNA stores sustain the nuclear maturation following prolonged periods of transcriptional quiescence in IVG oocytes, other factors involved in cleavage and subsequent preimplantation development may be susceptible to degradation or other oocyte aging phenomena. This suggests that the transcriptional activity of preovulatory oocytes is a crucial consideration when attempting to maintain oocytes in meiotic arrest in vitro for extended periods.
